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Abstract 
In the work, the thermal and vacuum fluctuation is predicted capable of generating a Casimir 
thrust force on a rotating chiral particle, which will push or pull the particle along the rotation axis. 
The Casimir thrust force comes from two origins: i) the rotation-induced symmetry-breaking in 
the vacuum and thermal fluctuation and ii) the chiral cross-coupling between electric and magnetic 
fields and dipoles, which can convert the vacuum spin angular momentum (SAM) to the vacuum 
force. Using the fluctuation dissipation theorem (FDT), we derive the analytical expressions for 
the vacuum thrust force in dipolar approximation and the dependences of the force on rotation 
frequency, temperature and material optical properties are investigated. The work reveals a new 
mechanism to generate a vacuum force, which opens a new way to exploit zero-point energy of 
vacuum. 
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Introduction-Vacuum quantum fluctuation gives rise to an attractive force between two 
parallel conducting plates, the so-called Casimir force [1], because the plates can modify the 
zero-point energy of the electromagnetic (EM) field. As a macroscopic quantum 
phenomenon, Casimir force has attracted widespread attentions and been intensively 
investigated [2–5] because it impinges on various fields ranging from fundamental physics 
to micromechanics, chemistry and biology when considering the micro-interaction of 
micro-/nano-objects, molecules and atoms [3, 6, 7]. The interaction between the object and 
the vacuum depends extremely on geometry and material property of the object, which 
opens a way of tailing Casimir force [8, 9]. For example, an ideal metal spherical shell [10], 
rectangular box [11], a metal needle and a metal plate with a hole [12], two dielectrics 
immersed in a medium of special optical properties [13], a chiral metamaterial [14], can 
result in repulsive force. The sign of Casimir force can be tuned by a separation between 
two plates with interleaved metal brackets [15] and the sign of Chern number in Chern 
insulator which constitutes the two plates [16]. Breaking translation symmetry with a 
corrugated surface on the object [17, 18] and breaking the reversal-time symmetry with a 
rotating particle near a surface [19] can give rise to lateral Casimir force. Restoring Casimir 
torque can also be induced by breaking azimuthal symmetry with anisotropic materials [20, 
21]. 
Recently, dynamical interaction of an object with the thermal and vacuum fluctuation was 
investigated. Vacuum friction was theoretically predicted to exert on a surface and a small 
particle moving parallel to a surface [22–24],while rotational vacuum friction is on a rotating 
particle [25–27].Lateral Casimir force can arise on a rotating particles near a surface because 
of the spin-orbit interaction [28, 29]. As well known, because of the chirality of the screw- 
blades, a rotating propeller can generate thrust force in water/air through collision between 
the rotating screw-blades and water/air molecules. In this letter, analogous to the propeller, 
we predict that a vacuum thrust force can be generated on a rotating chiral particle along the 
rotation axis through the interaction of the rotating chiral particles with thermal and vacuum 
fluctuations. Such vacuum thrust force originates from the rotation-induced symmetry-
breaking and chirality-induced cross-coupling between electric and magnetic fields and 
dipoles. Using fluctuation dissipation theorem (FDT) [25, 26], we semiclassically derive the 
analytical expressions for the vacuum thrust force exerting on a rotating chiral particle in 
dipolar approximation. Numerically, we also investigate dependence of sign and magnitude 
of the force on rotation frequency, chiral coefficient and resonant frequency of chiral
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material. 
FIG. 1. (a) Schematic of vacuum thrust force on a rotating chiral particle at Ω in the lab frame. (b) 
illustration of the two origins of the vacuum thrust force in rotation frame: 1) rotation-induced frequency 
splitting, whereby the frequency of the circular polarized EM field of σ+ increases to ω+Ω (blue), while the 
EM field of σ− reduces to ω−Ω (red), and 2) symmetry-breaking induced by the dispersion of 
polarizabilities and chiral parameter, which results in imbalance of two opposite spin-induced optical 
forces F+ and F−. 
 
Theoretical Description- We consider a chiral spherical particle in vacuum, which is isotropic 
and small enough to be accurately described in dipole approximation through frequency-
dependent chiral parameter χ(ω), electric and magnetic polarizabilities αe(ω) and αm(ω). The 
electric and magnetic dipole moments of the nonrotating chiral particle can be expressed as p(ω) = 
αe(ω)E(ω) + iχ(ω)H(ω) and m(ω) = −iχ(ω)E(ω) + αm(ω)H(ω) [30]. According to the optical 
force on the chiral dipole [30], the two components of optical force FLe =ωγe <Le> and FLm = ωγm 
<Lm> are, respectively, caused by electric and magnetic spins. Here, < > denotes average over 
time, 𝛾𝑒 = −2𝜔𝐼𝑚[𝜒(𝜔)] + 𝜔43𝑐3𝜖0 𝑅𝑒[𝑎𝑒(𝜔)𝜒∗(𝜔)] , 
𝛾𝑚 = −2𝜔𝐼𝑚[𝜒(𝜔)] + 𝜔43𝑐3𝜇0 𝑅𝑒[𝑎𝑚(𝜔)𝜒∗(𝜔)] and Le(m) is the electric(magnetic) spin density of 
the electromagnetic (EM) field. Interestingly, through the cross-coupling of the electric and 
magnetic fields by the chiral parameter χ, the spin-induced optical force can provide a way of 
transferring spin angular momentum (SAM) of an external EM field to linear momentum of the 
particles along the direction of the spin of EM field. Additionally, note that the direction of the 
optical force depends only on the helicity of the circular polarized (CP) EM field σˆ± = 1/√2(yˆ ± izˆ) 
instead of the Poynting vector of the CP field. In the quantum frame of EM field, the vacuum SAM 
of the two opposite helicity σˆ± of the CP field can be expressed as <L±> = <L±e > + <L±m> =
4  

0 0( ) ( , )N Tρ ω ω± x , where Plank constant   denotes SAM carried by a single photon [31], the 
free-space photonic local density of states ρ0(ω) = ω2/(π2c3) [32] and the averaged photon 
number NT (ω) = [e  ω/kB T −1]−1 + 1/2 in thermal vacuum at temperature T0 [32]. Therefore, by 
integrating over frequency domain, the vacuum force induced by electric and magnetic spin of 
the two opposite helicity can be estimated as 
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Here, Υ(ω) = αe(ω)/𝜖𝜖0 + αm(ω)/µ0, ∓ correspond to the opposite helicity σˆ±, which indicates that 
the vacuum force induced by the CP of σ± the helicity has opposite direction. Therefore, for a 
nonrotating chiral particle, the symmetry of the vacuum leads to the equivalence of the vacuum 
spin momentum of the two opposite helicity, and thus balance of the spin-induced vacuum force 
associated with the opposite helicity, which contributes nothing to the vacuum thrust force. 
However, for a chiral particle rotating around the x axis with a rotation frequency of Ω as in 
Fig. 1(a), the rotation breaks the symmetry and thus results in the vacuum thrust force. In 
particular, in the rotating frame with the particles, due to angular Doppler effect [33–35] as in 
Fig. 1(b), the frequency of the CP field of σˆ+ helicity is increased to ω+ = ω + Ω, while the 
frequency of the CP field of σˆ− helicity is decreased to ω− = ω − Ω [28]. Accordingly, the 
electric polarizability αe(ω) of the nonrotating chiral particle will be split into two components, 
αe(ω+) and αe(ω−) for the CP fields of the opposite helicity. Similarly, the magnetic 
polarizability αm(ω) and chiral parameter χ(ω) are, respectively, split into αm(ω±) and χ(ω±). As 
a result, the splitting makes an imbalance in spin-induced vacuum force of the opposite helicity 
as in Fig. 1 (b), and thus leads to the vacuum thrust force. 
To obtain an analytical expression for the vacuum thrust force more rigorously, we firstly consider 
an optical force exerting on a chiral particle in the dipole approximation, which can be written as 
[30, 36–38] F = Fedip + Fmdip + Fint, with an electric dipole force Fedip =∑i pi∇Ei, a magnetic 
dipole force Fmdip = ∑i mi∇Hi (i = x, y, z) and an interaction term Fint 
4
36 c
ω
π
= − p×m. The 
vacuum and thermal fluctuations causing the vacuum thrust force come from the two types: (i) 
fluctuation of dipole moments of the particles pfl and mfl, (ii) vacuum fluctuation of the fields Efl 
and Hfl. As these two types of fluctuation are independent and uncorrelated,
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, we obtain three components of the vacuum thrust force through FDT (see supplemental 
material [39] for details),  
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where total vacuum thrust force Fxtot = Fxdip+pmfl + Fxpfl+mfl + FxEfl+Hfl. Here, we can see that Eq. 
(6) derived from the FDT has the same form as the first term of Eq.(1) derived by the quantization of the 
vacuum EM field, while Eqs. (7) and (8) have the same form as the second term of Eq. (1). Additionally, 
from Eqs. (6-8), it can be seen more clearly that the vacuum thrust force originates from the rotation-
induced splitting of polarizabilities and chiral parameter of the dipole. 
Numerical Results- Since the optical chirality of natural material is small, we assume the rotating 
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 particle made of chiral metamaterial(CMM) [40]. For the CMM of the particle, the constitutive 
relation is defined as ( ) ( ) ( )0 (
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with the resonant strength coefficients Ωe = 0.1560, Ωm = 0.0625, Ωκ = 
0.0993, the resonant frequency ω0 = 1.8713T Hz (λ0 = 1.01mm), damping rate γ = 0.05463ω0, 
background dielectric constant  b = 3.1736 and permeability µb = 0.9798[41]. Despite of the 
formula for a Ω particle, the dispersion formulas can be applied to the natural chiral material since 
the formulas of permittivity and permeability are in Lorentz shapes and the formula of chiral 
parameter is consistent with Condon model [42]. As shown in Figs. 2(a)-(c), the dipolar electric 
and magnetic polarizabilities αe(ω), αm(ω) and chiral parameter χ(ω) of the chiral particle can be 
obtained by Mie scattering coefficients [38, 39]. Fig. 2(a)-(c) show the real and imaginary parts of 
the polarizabilities and chiral parameter with particle radius R = 10µm (solid curve) and R = 50µm 
(dashed curve), where the retardation effect leads to the resonant broadening in the R = 50µm 
particle with respect to the R = 10µm particle. To gain insight into the vacuum thrust force, we plot 
the integrand of the three components in Eqs. (6-8) and the total integrand of these components 
for the R = 50µm particle as in Figs. 2(d)-(f), assuming a rotation frequency Ω/2π = 10kHz, 
temperature T0 = T1 = 300K. The inset in Fig. 2 (f) illustrates the rotating Ω particle and the 
vacuum force. In Figs. 2(d)-(f), we can see that the peak(dip) locates near resonant frequency ω0 
due to the strong dispersion of the polarizabilities and chiral parameter near resonant 
frequency(indicated by dashed line), which dominates the vacuum thrust force. Therefore, a CMM 
having many resonant frequencies, which can be modeled as sum of many Ω particles [40], can 
enhance the vacuum thrust force. 
The integrands of the three components in Eqs. (6-8) are proportional to the difference Aj(ω+)−Aj(ω−). 
Here, A1(ω) = Im[χ(ω)]NT (ω) for Eq. (6), A2(ω) = Im[ϒ(ω)]Im[χ(ω)]NT (ω) for Eq. (7), A3(ω) = 
Re[ϒ(ω)χ∗(ω)] for Eq. (8). Under the realistic condition of rotation frequency Ω << ω0, 
Aj(ω+)−Aj(ω−) ≈ [2dAj(ω)/dω]Ω. Therefore, the integral of Eqs. (6-8) leads to the fact that
pfl mfl
int,xF
+
, 
Efl Hfl
int,xF
+
and 
tot
xF  are proportional to rotation frequency Ω as in Fig. 3 (a). In Fig. 3, it is clear 
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that the total vacuum force 
tot dip pmfl
x xF F
+
≈ since 
dip pmfl
xF
+
is 60~100 times larger than the components Efl Hflint,xF
+
and pfl mflint,xF
+ . It can be also seen that 
dip pmfl
xF
+
 is slightly larger in magnitude than totxF since 
Efl Hfl
int,xF
+  
has opposite sign to 
Efl Hfl
int,xF
+
. Similarly, the difference of vacuum photon number NT (ω+) − NT (ω−) 
≈ [2dNT (ω)/dT ]ΩT ,which leads to the linear temperature dependence of the vacuum force at T 0K as in 
Fig. 3(b). Note that, as shown in Fig. 3(c), this linear dependence is broken in low temperature range of 0 
∼ 2K (indicated by red dashed line) and the total vacuum force approaches to constant value at zero 
temperature, totxF |T =0K = −1.29 × 10
−28N. This is due to NT (ω) → 1/2 when temperature T → 0. 
 
 
FIG. 2. (a)-(c) Real (left scale) and imaginary (right scale) parts of electric and magnetic polarizabilities 
αe(ω) in (a), αm(ω) in (b) and chiral parameter χ(ω) in (c) with particle radius R = 10µm (solid line) and R 
= 50µm(dashed line; (d)-(f) Spectral density of the three force components in Eqs. (6-8) and total vacuum 
thrust force for the R = 50µm particle at rotation frequency Ω = 10kHz.The force spectral density are, 
respectively, /
dip pmfl
xdF dω
+
 in (d), /
pfl mfl
int,xdF dω
+
 (left scale) and /
Efl Hfl
int,xdF dω
+
 (right scale) in (c) and 
/ / / /tot dip pmfl pfl mfl Efl Hflx x int,x int,xdF d dF d dF d dF dω ω ω ω
+ + += + +  in (f). Inset shows the rotating Ω particle and 
the vacuum thrust force. 
 
FIG. 3. Dependence of the vacuum thrust force, totxF (dashed red line), and its three components, 
dip pmfl
xF
+  
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(black solid line), pfl mflxF
+  (blue dashed line), Efl HflxF
+  (green solid line), on rotation frequency Ω in (a) 
and temperature in (b) with its zoom-in at low temperature in (c). The dependence is plotted using the 
same parameters as in Fig.2, R = 50µm and Ω/2π = 10 kHz. 
 
 
FIG. 4. (a) Dependence of the vacuum thrust force and its three components on resonant frequency ω0 of 
the chiral material with R=50nm and other parameters same as in Fig. 3;(b) their dependence on the chiral 
coefficient Ωκ of the chiral material . 
Interestingly, unlike natural materials, the CMM is a kind of metamaterial whose optical 
parameters can be tuned artificially by its structure [14, 40, 41]. Assuming the other material 
parameters unchanged, we investigate the sign and magnitude dependence of the vacuum thrust 
force on the resonant frequency ω0 and the chiral coefficient Ωκ, as in Figs. 4(a-b). In Fig. 4(a), 
with ω0 increase from 0.1T Hz to 856T Hz (λ: 18.8 mm ∼ 350nm), the magnitude of the 
components pfl mflint,xF
+  and Efl Hflint,xF
+  increase more rapidly than that of dip pmflint,xF
+  since /pfl mflint,xdF dω
+  
and /Efl Hflint,xdF dω
+  are proportional to ω7,while /dip pmflint,xdF dω
+  ∝ ω4. It can be seen that the total 
vacuum thrust force dip pmflx
tot
xF F
+≈  for ω0/2π ≤ 557T Hz (λ = 538nm) and totxF  deviates highly 
from dip pmflxF
+  for ω0/2π ≥ 589T Hz (λ = 509nm). This is due to the sign of Efl Hflint,xF
+  is opposite to 
pfl mfl
int,xF
+  and dip pmflint,xF
+ . With ω0 increase, the vacuum thrust force totxF  reaches the maximum at 
ω0/2π = 715T Hz (λ = 419nm) and turns from negative sign to positive one with crossing the 
zero value at ω0/2π = 809T Hz (λ = 371nm). In the above calculation, the radius of particle is 
chosen as 50 nm to ensure the validity of dipolar approximation. As in Fig. 4, we can shrink down 
the size of the Ω particle to increase the resonant frequency and thus the vacuum thrust force. 
Figure 4(b) plots the dependence of the three components, dip pmflxF
+ , pfl mflint,xF
+ , Efl Hflint,xF
+  and total 
vacuum thrust force totxF  with R = 50µm, ω0 = 1.817T Hz. Except for the oscillation 
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dependence of the components pfl mflint,xF
+  and Efl Hflint,xF
+ , both two components dip pmflxF
+  and totxF  are 
proportional to Ωκ. It is clear that the particle of the opposite chirality will suffer the vacuum thrust 
force in opposite direction. This provides a new mechanism to sort the chiral particle in vacuum at 
same rotation speed. 
Conclusions- A vacuum thrust force is firstly predicted on the a rotating chiral particle, 
which originates from two factors: i) chirality-induced cross-coupling between electric and 
magnetic fields; ii) rotation-induced frequency splitting and dispersion of polarizabilities and 
chiral parameter. We derive the analytical expression for such vacuum force. Based on Ω particle 
model, numerical investigation shows that the vacuum force linearly depends on rotation 
frequency, temperature and chiral coefficient. The spectral force near resonant frequency of the 
chiral material dominates the thrust vacuum force. Increase in resonant frequency of the chiral 
material helps to enhance the vacuum force for the resonant frequency ω0 ≤ 557T H. The thrust 
vacuum force can be enhanced near a surface with surface plasmon polariton [27].The work 
opens a new way to exploit the vacuum zero-point energy, for example, to implement a vacuum 
propeller for a spaceship and to separate the chiral particle in vacuum. 
 
This work is supported by NSFC (61675092, 61475066, 61771222, 61705086, 61705087, 61705089); 
NSF of Guangdong Province (2016A030313079, 2016A030310098, 2016A030311019); Science and 
technology projects of Guangdong Province (2017A010102006, 2016A010101017, 
2016B010111003); Science and Technology Project of Guangzhou (201707010396, 201707010253, 
201704030105); Joint fund of pre-research for equipment, Ministry of Education of China 
(6141A02022124); Fundamental Research Funds for the Central Universities of China 
(11618413). Frank K. Tittel acknowledges the support by the Welch Foundation Grant No. C0568. 
 
∗ WenguoZhu@jnu.edu.cn 
† zhenghuadan@jnu.edu.cn 
 
[1] H. B. G. Casimir, Proc. Ned. Akad. Wet. 51, 793 (1948). 
[2] M. Bordag, U. Mohideen, and V. M. Mostepanenko, Phys. Rep. 353, 1 (2001). 
[3] G. L. Klimchitskaya, U. Mohideen, and V. M. Mostepanenko, Rev. Mod. Phys. 81, 1827 (2009). 
[4] S. K. Lamoreaux, Rep. on Prog. in Phys. 68, 201 (2005). 
[5] J. Schwinger, L. L. Deraad, and K. A. Milton, Ann. of Phys. 115, 1 (1978). 
[6] V. M. Mostepanenko and N. N. Trunov, Physics-Uspekhi 31, 965 (1988). 
10  
[7] H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. J. Bishop, and F. Capasso, Science 291, 1941 
(2001). 
[8] A. W. Rodriguez, F. Capasso, and S. G. Johnson, Nat. Photon. 5, 211 (2011). 
[9] T. Emig, N. Graham, R. L. Jaffe, and M. Kardar, Phys. Rev. A 79, 054901 (2009). [10] 
T. H. Boyer, Phys. Rev. 174, 1764 (1968). 
[11] W. Lukosz, Physica 56, 109 (1971). 
[12] M. Levin, A. P. Mccauley, A. W. Rodriguez, M. T. H. Reid, and S. G. Johnson, Phys. Rev. Lett. 
105, 090403 (2010). 
[13] S. J. Rahi, M. Kardar, and T. Emig, Phys. Rev. Lett. 105, 070404 (2010). 
[14] R. Zhao, J. Zhou, T. Koschny, E. N. Economou, and C. M. Soukoulis, Phys. Rev. Lett. 103, 
103602 (2009). 
[15] A. W. Rodriguez, J. D. Joannopoulos, and S. G. Johnson, Phys. Rev. A 77, 062107. 
[16] P. Rodriguez-Lopez and A. G. Grushin, Phys. Rev. Lett. 112, 056804 (2014). 
[17] T. Emig, A. Hanke, R. Golestanian, and M. Kardar, Phys. Rev. Lett. 87, 260402 (2001). 
[18] F. Chen, U. Mohideen, G. L. Klimchitskaya, and V. M. Mostepanenko, Phys. Rev. Let. 88, 
101801 (2002). 
[19] R. Oude Weernink, P. Barcellona, and S. Y. Buhmann, Phys. Rev. A 97, 032507 (2018). 
[20] Y. S. Barash, Rad. and Quan. Electron. 21, 1138 (1978). 
[21] J. N. Munday, D. Iannuzzi, Y. S. Barash, and F. Capasso, Phys. Rev. A 71, 042102 (2005). 
[22] J. B. Pendry, J. of Phys.: Cond. Matt. 9, 10301 (1997). 
[23] A. I. Volokitin and B. N. J. Persson, Rev. Mod. Phys. 79, 1291 (2007). 
[24] A. I. Volokitin and B. N. J. Persson, Phys. Rev. B 78, 155437 (2008). 
[25] A. Manjavacas and F. J. Garcia De Abajo, Phys. Rev. Lett. 105, 113601 (2010). 
[26] A. Manjavacas and F. J. Garcia De Abajo, Phys. Rev. A 82, 063827 (2010). 
[27] R. Zhao, A. Manjavacas, F. J. Garcia De Abajo, and J. B. Pendry, Phys. Rev. Let. 109, 123604 
(2012). 
[28] A. Manjavacas, F. J Rodriguez-Fortuno, F. J. Garcia De Abajo, and A. V Zayats, Phys. Rev. 
Let. 118, 133605 (2017). 
[29] K. Y. Bliokh, F. J. Rodriguez-Fortuno, F. Nori, and Z. A. V, Nat. Photon. 9, 796 (2015). 
[30] S. Wang and C. T. Chan, Nat. Commun. 5, 3307 (2014). 
[31] A. A. G. Grynberg and C. Fabre, Introduction to Quantum Optics (Cambridge Unversity Press, 
2010). 
[32] R. Loudon, The Quantum Theory of Light (Oxford University Press, 2000). 
11  
[33] A. G. Bruce, J. Opt. Soc.Am. 71, 609 (1981). 
[34] G. Li, T. Zentgraf, and S. Zhang, Nat. Phys. 12, 736 (2016). 
[35] P. Georgi, C. Schlickriede, G. Li, S. Zhang, and T. Zentgraf, Optica 4, 1000 (2017). 
[36] M. Nietovesperinas, J. J. Saenz, R. Gomezmedina, and L. Chantada, Opt. Expr. 18, 11428 
(2010). 
[37] A. Rahimzadegan, M. Fruhnert, R. Alaee, I. Fernandezcorbaton, and C. Rockstuhl, Phys. Rev. 
B 94, 125123 (2016). 
[38] T. Zhang, M. R. C. Mahdy, Y. Liu, J. Teng, C. T. Lim, Z. Wang, and C. Qiu, ACS Nano 11, 
4292 (2017). 
[39] See Supplementary Material for detailed derviation of the three components of the vacuum 
thrust force. 
[40] R. Zhao, T. Koschny, E. N. Economou, and C. M. Soukoulis, Phys. Rev. B 81, 235126 (2010). 
[41] R. Zhao, T. Koschny, and C. M. Soukoulis, Optics Express 18, 14553 (2010). 
[42] E. U. Condon, Rev. Mod. Phys. 9, 306 (1937). 
